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  METRIC (SI*) CONVERSION FACTORS 

APPROXIMATE CONVERSIONS TO SI UNITS APPROXIMATE CONVERSIONS FROM SI UNITS 
Symbol When You Know Multiply By To Find Symbol Symbol When You Know Multiply By To Find Symbol 

  

 LENGTH   LENGTH  

  

in inches 25.4  mm mm millimeters 0.039 inches in 

ft  feet 0.3048  m m meters 3.28 feet ft  

yd yards 0.914  m m meters 1.09 yards yd 

mi Miles (statute) 1.61  km km kilometers 0.621 Miles (statute) mi 

          

  AREA     AREA   

          

in2 square inches 645.2 millimeters squared cm2 mm2 millimeters squared 0.0016 square inches in2 

ft2 square feet 0.0929 meters squared m2 m2 meters squared 10.764 square feet ft2 

yd2 square yards 0.836 meters squared m2 km2 kilometers squared 0.39 square miles mi2 

mi2 square miles 2.59 kilometers squared km2 ha hectares (10,000 m2) 2.471 acres ac 

ac acres 0.4046 hectares ha      

          

  MASS 

(weight) 

    MASS 

(weight) 

  

          

oz Ounces (avdp) 28.35 grams g g grams 0.0353 Ounces (avdp) oz 

lb Pounds (avdp) 0.454 kilograms kg kg kilograms 2.205 Pounds (avdp) lb 

T Short tons (2000 lb) 0.907 megagrams mg mg megagrams (1000 kg) 1.103 short tons T 

          

  VOLUME     VOLUME   

          

fl oz fluid ounces (US) 29.57 milliliters mL mL milliliters 0.034 fluid ounces (US) fl oz 

gal Gallons (liq) 3.785 liters liters liters liters 0.264 Gallons (liq) gal 

ft3 cubic feet 0.0283 meters cubed m3 m3 meters cubed 35.315 cubic feet ft3 

yd3 cubic yards 0.765 meters cubed m3 m3 meters cubed 1.308 cubic yards yd3 

          

Note: Volumes greater than 1000 L shall be shown in m3  

          

  TEMPERATURE 

(exact) 

    TEMPERATURE 

(exact) 

  

          
oF Fahrenheit 

temperature 

5/9 (oF-32) Celsius 

temperature 

oC oC Celsius temperature 9/5 oC+32 Fahrenheit 

temperature 

oF 

          

  ILLUMINATION     ILLUMINATION   

          

fc Foot-candles 10.76 lux lx lx lux 0.0929 foot-candles fc 

fl foot-lamberts 3.426 candela/m2 cd/cm2 cd/cm
2 

candela/m2 0.2919 foot-lamberts fl 

          

  FORCE and 

PRESSURE or 

STRESS 

    FORCE and 

PRESSURE or 

STRESS 

  

          

lbf pound-force 4.45 newtons N N newtons 0.225 pound-force lbf 

psi pound-force per 

square inch 

6.89 kilopascals kPa kPa kilopascals 0.145 pound-force 

per square inch 

psi 
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The Idaho Transportation Department (ITD) conducts bridge inspections in accordance with the National 

Bridge Inspection Standards (NBIS).  ITD inspects 1,328 state owned bridges and 2,412 locally owned 

bridges on the National Bridge Inventory (NBI).  The required inspection interval is 24 months.  Some 

bridges of concern are inspected more frequently (12-month cycle) and if qualifying criteria is met, a few 

bridges are allowed to be increased to a 48-month cycle. Inspections are time-consuming and can pose 

safety risks to inspectors and the public if safety protocols are not followed. ITD uses under bridge 

inspection trucks (UBIT) to inspect 263 Idaho state bridges and 125 local bridges. 

This report outlines a feasibility investigation into the use of Unmanned Aerial Systems (UASs) for use in 

bridge inspections, with the goal of identifying future uses and research. The research team conducted a 

literature survey on the applications of UASs in State Departments of Transportation (DOTs). Most state 

DOT research or internal investigations have used or studied UASs for surveillance and traffic control in 

the past, but recently, UAS-based bridge inspection has become a popular research topic. Current 

technology limits UAS use to an assistive tool for the inspector to perform bridge inspections faster, 

cheaper, and without traffic closure, in some situations. The major challenges for UASs include satisfying 

restrictive Federal Aviation Administration (FAA) regulations, position control in Global Positioning 

Systems (GPS) denied environments, pilot expenses, availability, and any required data post-processing.  

The research team investigated two aspects of remote sensing in bridge inspections: visual inspection 

and autonomous defect detection, both using UAS inspection data. Several inspections on a lab made 

bridge using a 3DR Iris UAS showed UASs can be used for visual deck inspections and crack detection. An 

autonomous crack detection algorithm developed by the research team detected most of the deck 

cracks from the UAS inspection. In addition, the research team assessed the surface condition of two 

steel girders supporting the bridge deck during the inspection from a hand-held First-Person View (FPV) 

monitor. The research team investigated the construction of three-dimensional (3D) models of the 

entire lab-made bridge using UAS inspection images. The research team used an off-the-shelf program, 

AgiSoft PhotoScan, to create the model without extensive pre-processing on the inspection images, 

which could improve the model, but was also prohibitively time consuming. The model was 

unacceptable and incomplete, and the authors with ITD engineers decided that the entire process (pre-

processing, model creation and post-processing) was too time-consuming to pursue for routine use.  

The next phase of this study required the research team to determine the feasibility of fatigue crack 

detection using three UAS: 3DR Iris, DJI Mavic, and a custom-made octocopter called the Goose. The 

research team equipped each UAS with a visual camera. Then the research team identified the minimum 

requirements, in terms of camera distance to the defect of interest and lighting conditions, in which a 

test-piece with a known fatigue crack would be visible. In an indoor, GPS-denied, climate controlled 

space, the research team carried out a set of experiments to find the test-piece fatigue crack in the 

enclosed Utah State University structural lab. The crack was not visible in the images captured by the 

3DR Iris due to its erratic flight control in absence of GPS signals and its camera specifications. The DJI 

Mavic pictures were acceptable since the UAS exhibited stable flight even without GPS and was able to 

navigate to within 20 to 25 cm (8 to 10 in.) of the defect and detect the fatigue crack even in low lighting 
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conditions. Similar to the 3DR Iris, the Goose relied mostly on GPS signals for control and failed to get 

close enough for fatigue crack detection. However, the Nikon camera, which was mounted on the 

Goose, had an optical zoom option which allowed the UAS to be 70 cm (30 in.) away from the area of 

interest.  

The last step was to conduct inspections of an in-service bridge using UASs. This would allow the 

research team to evaluate the UASsΩ performance in GPS-denied and uncontrolled environments. The 

3DR Iris had considerable difficulty maintaining control due to wind, and therefore the inspection 

images were unacceptable. The DJI Mavic could safely get close enough to the crack for real-time 

detection, and using the digital zoom in the camera helped acquire images with detectable fatigue 

cracks that could be seen on the cell phone sized viewscreen. The DJI Mavic camera has the ability to tilt 

the camera up to 30 degrees, which can limit visibility. The Goose was not flown under the bridge since 

the flight characteristics require more than the 2 m (6.5 ft) clearance between the bridge and ground to 

limit ground effects. The research team developed an image processing algorithm for autonomous 

fatigue crack detection, which identified more than 80 percent of the actual length of the crack in the 

DJI Mavic images. More images are required to evaluate the effectiveness of the algorithm. The research 

team recommends the DJI Mavic as a possible solution for under-bridge inspections due to its use of 

sonar signals in absence of GPS, camera quality with light exposure control, obstacle avoidance 

algorithms, and small size that allows it to maneuver in tight places.  

In addition to visual images, the research team examined another non-contact method by performing 

passive (using only ambient heat) and active (using external heating sources) thermography experiments 

on the fatigue test-pieces from ITD. Two thermal cameras were used in the thermography experiments: 

a FLIR SC640 (with 1 C̄ sensitivity) and a FLIR E8 (with 0.2̄ C sensitivity). The research team did not 

observe fatigue cracks in the thermal images taken in the passive case using the FLIR SC640. The E8 

camera results were somewhat successful, but not useful for UAS inspection. It was shown that it is 

possible to use active thermography and the FLIR E8 camera for fatigue crack detection. Despite this 

success, thermography using UASs for fatigue crack detection is not feasible at this time because active 

thermography requires an external heat source.  

Phase three of this study was to perform an inspection of a fracture critical bridge in Ashton, Idaho. The 

research team selected the DJI Mavic based on its performance in the previous tests. During the 

inspection, the minimum achievable clearance for UASs to avoid collision in gusty winds was 75 cm (30 

in.). Only two of the previously detected fatigue cracks were inspected by this UAS since it was unstable 

over the river. The instability was because the UAS uses downward sonar signals for stabilization, which 

were confused by the fast-moving water. Fatigue cracks were not visible in the images. However, minor 

rusting and paint deterioration of the bridge girders, floor beams, girder splice, and other under-bridge 

members were visible using the inspection images. Concrete delamination, efflorescence, cracking in 

concrete, mild steel rust, and paint condition were detectable in the DJI Mavic pictures. 
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Research Motivation 

The Idaho Department of Transportation (ITD) is responsible for inspection of 1,328 state bridges and 

2,412 local bridges, listed in the National Bridge Inventory (NBI). ITD chooses to inspect the state bridges 

internally while using seven to ten consultant firms to conduct local bridge inspections periodically. ITD 

performs Inventory Inspections, Routine Inspections, Damage Inspections, In-depth Inspections, 

Fracture Critical Inspections, Special Inspections, and Complex Inspections. While emergencies do arise 

for which the Under Bridge Inspection Trucks (UBITs) may be needed (e.g. damage inspection), the UBIT 

is specifically programmed to be used for In-Depth Inspections, Fracture Critical Inspections, Special 

Inspections, and Complex Inspections, which cover 263 state bridges and 125 local bridges. With the 

exception complex bridges, the majority of the UBIT inspections are considered In-depth Inspections. 

According to the ITD bridge inspection manual section 4.2.3.3, an In-depth inspection is typically 

performed to: (1) 

¶ Assess bridge elements not accessible during routine inspections. 

¶ Obtain more sophisticated data. 

¶ Perform special testing. 

¶ Bring in other experts to assess particular problems.  

The main reason for an In-depth inspection is to assess bridge elements. Bridge element assessments 

are the main motivation for researching Unmanned Aerial System (UAS) technology because inspecting 

with a UBIT adds additional expense and time to the inspection procedure, including but not limited to 

scheduling UBITs and maintenance of traffic. For this reason, ITD prefers to complete the inspection 

without a UBIT when possible. ITD has three full-time inspectors for the entire state covering 216,000 

km2 (84,000 mi2) including 940 centerline km (612 centerline mi) of the Interstate Highway System. Two 

UBIT trucks and one full-time UBIT operator are accessible to ITD for all state and local bridge 

inspections. Inspections can involve exposure and other risks if safety protocols are not rigidly followed. 

Safety protocols often require additional personnel, training, and equipment. Thus, they can be costly 

but are necessary. A common routine bridge inspection requires one inspector to spend 20 minutes to 

10 hours performing an inspection. Time required depends on the size and the complexity of the bridge. 

In addition to the time spent on the inspection, the inspector must provide a report to summarize their 

findings. Typically, writing a report takes up to 4 hours. Inspectors usually perform the inspection 

process using targeted visual techniques for more efficient and streamlined inspections. In targeted 

inspections, only regions with a high probability of a specified defect will be visually inspected.  

Use of UASs for bridge inspection has the potential to improve this practice in Idaho by limiting the need 

for UBITs and decreasing inspection time in certain situations. This study is focused on evaluating the 

limitations of UAS capabilities in a targeted inspection, which is defined for the purposes of this report 
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as UAS inspection of a localized area for a specific defect, as opposed to observation of the entire bridge 

or several locations for any number of defects. One of several defects that ITD inspects for, and usually 

requires a UBIT, is steel cracking in the superstructure. Fatigue cracks are considered one of the most 

critical and hard to find defects for which UAS technology may be useful in aiding ITD inspectors. 

However, fatigue cracks are also the most challenging for UAS, specifically due to the environment, lack 

of GPS signals, variable pilot skill, and the typical locations of fatigue cracks. This report, while providing 

some preliminary qualitative inspections of some fabricated defects, is focused on determining if fatigue 

cracks can be detected on steel superstructures.  

Use of UASs by ITD 

ITD initiated a study in April 2014 to investigate the use of UASs in areas that could be dangerous or 

costly for a human inspector. In 2015, ITD district engineers authorized a Drone Pilot Project that would 

investigate the possibility of using UASs for ground surface gathering, bridge inspection, and 

construction inspection and documentation missions. The flight company selected was Empire 

Unmanned, with assistance from Advanced Aviation Solutions, which is now a subsidiary of Empire 

Unmanned. Three areas were selected for the Drone Pilot Project: the area around the I-15/US-30 

interchange in Pocatello, Canyon Creek Bridge on SH-21, and the I-84 Snake River Bridges near Declo.  

ITD project coordinators reported that the biggest barrier for these tasks was not technical, but 

regulatory. To fly commercially, the pilot operated under a Federal Aviation Administration (FAA) 

Section 333 exemption, which included a provision that all άƴƻƴ-ǇŀǊǘƛŎƛǇŀǘƛƴƎ ǇŜǊǎƻƴƴŜƭέ ŎƻǳƭŘ ƴƻǘ ōŜ 

under the UAS for a 150 m (500 ft) radius. This meant that all traffic would have to be stopped while the 

UAS was in flight. Empire Unmanned secured clearance to fly over live traffic. 

The first flight took place on May 18, 2015, on Interstate I-15 near the US-30 interchange in Pocatello, 

Idaho. The pilot flew the fixed-wing UAS, a Sensfly eBee RTk, twice, with a total flight time less than 30 

minutes. The first flight was for traditional photogrammetry processing, where the ground targets would 

be used to place and scale the information taken by the camera. The second flight used a base station to 

send corrective information to the eBee so that the photos would have the correct information to make 

an accurate point cloud, eliminating the use of ground targets. This flight provided aerial photo mosaics 

and a point cloud of the area. The data for the pilot project is available from ITDΩs Research Program 

upon request. 

The second flight was over Canyon Creek Bridge on SH-21, which is between Idaho City and Stanley. The 

plan was to use flaggers to stop traffic while a multi rotor UAS was used for the flights. Traffic control for 

the first flight had to be modified because flaggers had not arrived. A DJI Phantom UAS equipped with a 

visual sensor flew while observers on each side of the bridge watched for traffic. When a vehicle was 

spotted, the pilot would move the Phantom to a spot away from the roadway until the vehicle cleared 

the area, after which it would resume the flight. After the first flight, the flaggers arrived and a 

traditional flagger set up was used. The rest of the flights used a DJI S550 Flier, a six-rotor aircraft that 

held the thermal sensor. There were five total flights, with each flight lasting about 5 minutes. The 

deliverables included photo mosaics of both color and greyscale thermal imaging and a video of the 



Chapter 1. Introduction 

3 

color thermal along with point cloud and surface data. However, the thermal images did not have high 

enough resolution to show any sign of delamination and were insufficient for bridge deck inspection. 

The final areas were the I-84 Snake river bridges near Declo. That final flight took place June 22, 2015 

and started with the placement of ground control points that would later be surveyed. The main flight 

was done with the eBee RTK and took about 20 minutes. After the eBee flight, a DJI Phantom surveyed 

the north side of the completed bridge from outside of the structure, enabling GPS-aided navigation. 

The research team extracted point clouds, surface photos, aerial photos, photos of the north side of the 

completed bridge, and a measurement of an on-site stock pile from the data. The next steps for the 

Drone Pilot project were to do follow up flights on SH-21 and I-84 and to continue processing the data 

that had been received so far. According to the ITD project leader, the results indicated that UAS 

inspections are a safe and effective way to gather data that can be used for design, construction, and 

ground monitoring purposes. According to district engineers, research projects will need to be done to 

test the accuracy and usability of the UAS data. Since the completion of this study, ITD Video has been 

used for UAS imaging of flooding during spring 2017 and documenting a historic bridge. 

Research Objectives 

The main research objective was to study the effectiveness of using UASs to detect steel fatigue cracks 

in a GPS-denied environment. Task 1 was to prove that UASs can fly safely in GPS-denied environments 

and to attempt to identify several defects on a lab made bridge. Task 2 was to perform a literature 

review and to determine limitations that exist when using UASs to perform an under-bridge inspection. 

Task 3 was to identify several UASs, cameras, lighting, and environmental conditions that UASs can 

detect fatigue cracks in, and to develop software that can automatically detect a fatigue crack from 

visual images. Task 4 was to perform an inspection of a recently inspected in-service bridge for fatigue 

cracks and compare the results to those of the inspection reports. Task 5 was to compile the final report.  

FAA Regulations for Flying UASs 

There are two sets of rules for flying any aircraft: Visual Flight Rules (VFR) and Instrument Flight Rules 

όLCwύΦ !ŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ά!ŜǊƻƴŀǳǘƛŎŀƭ LƴŦƻǊƳŀǘƛƻƴ aŀƴǳŀƭέΣ ŀ ŎƻƴǘǊƻƭƭŜŘ ŀƛǊǎǇŀŎŜ ƛǎ ŘŜŦƛƴŜŘ ŀǎ άΧŀƴ 

airspace of defined dimensions within which air traffic control service is provided to both IFR and VFR 

flights in accordance with its classifications.έ(2) In the United States, the International Civil Aviation 

Organization (ICAO) designates controlled airspaces as stated in Table 1. 

Table 1. Designated Airspaces in United States (Adapted from Aeronautical Information Manual (1)) 

Class  Definitions 

Class A From 5,500 m (18,000 ft) Mean Sea Level (MSL) up to and including Flight Level  

Class B From the surface to 3,000 m (10,000 ft) MSL; or around large airports 

Class C 
From the surface to 1,200 m (4,000 ft) above the airport elevation; or around midsize 

airport 

Class D From the surface to 760 m (2,500 ft) from the airport elevation or around small airports 

Class E A regulated airspace that is not classified as A, B, C, and D 

Class G Uncontrolled airspace with no IFR operation. 
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One of FAAΩǎ responsibilities is to provide safety regulations for flying UASs. FAA recognizes two 

categories for UAS ǳǎŜΥ άCƭȅ ŦƻǊ Ŧǳƴέ ŀƴŘ άCƭȅ ŦƻǊ ǿƻǊƪκōǳǎƛƴŜǎǎ.έ ¢ƘŜ ŦƻǊƳŜǊ ŘƻŜǎ ƴƻǘ ǊŜǉǳƛǊŜ 

permission from FAA, but the vehicle should be registered through the C!! ǿŜōǎƛǘŜΦ ¢ƘŜ άCƭȅ ŦƻǊ 

ǿƻǊƪκōǳǎƛƴŜǎǎέ ŎŀǘŜƎƻǊȅ ƛǎ ǊŜǎǘǊƛŎǘŜŘ ōȅ C!!Φ ¢ƘŜ ƭŀǘŜǎǘ ǾŜǊǎƛƻƴ ƻŦ ǘƘŜ C!! ǊǳƭŜǎ ǿas published on the 

FAA website on June 21, 2016.(3) Some of these regulations are as follows: 

¶ The total weight of the unmanned aircraft should be less than 25 kg (55 lb). 

¶ The vehicle must remain within the visual line-of-site of the remote pilot in command, the 

person manipulating the flight controls, and the visual observer during the flight. 

¶ The aircraft must not operate over any persons that are not directly participating in the 

operation, are not placed under a covered structure, and are not inside of a covered stationary 

vehicle.  

¶ Flight is only permitted during daylight or civil twilight with appropriate anti-collision lighting. 

¶ ¢ƘŜ ǎƻƭŜ ǳǎŜ ƻŦ ŀ ŦƛǊǎǘ ǇŜǊǎƻƴ ǾƛŜǿ ŎŀƳŜǊŀ ŘƻŜǎ ƴƻǘ ǎŀǘƛǎŦȅ ǘƘŜ άǎŜŜ-and-ŀǾƻƛŘέ ǊŜǉǳƛǊŜƳŜƴǘǎΦ  

¶ The maximum altitude is 133 m (435 ft) above the ground level, or within 133 m (435 ft) of a 

structure.  

¶ The maximum speed of the UAS must not exceed 160 km/h (100 mph). 

¶ No person may act as a remote pilot or visual observer for more than one UAS at the same time. 

¶ The UAS operator must either hold a remote pilot airman certificate or be under the direct 

supervision of a certificate holder. 

¶ UASs must be registered and certified by the FAA. 

¶ The UAS must not be flown within 8 km (5 mi) of an airport without prior authorization from the 

airport operators. 

¶ The UAS must not be flown from a moving vehicle.  

Pilot requirements are: 

¶ Must be at least 16-years old. 

¶ Must pass an initial aeronautical knowledge test at an FAA-approved knowledge testing center. 

¶ Must be vetted by the Transportation Safety Administration (TSA). 

¶ Must pass recurrent aeronautical knowledge test every 24 months.  

Based on these requirements, a certified pilot can fly a standard UAS under a bridge without traffic 

closure as long as the UAS is not flown directly over vehicles. However, it is possible to get a wavier for 

live traffic flights but it depends on the UAS altitude and location. If traffic is both above and under a 

given bridge, like in a flyover, the traffic under the bridge would need to be stopped to inspect under 

this bridge, just like the traffic would need to be stopped above the bridge to perform an inspection 

above the bridge. 

Registered aircraft must have an application form (AC Form 5050-1) and evidence of UAS ownership. 

After submitting these documents, the UAS is registered and the pilot can request a Certificate of 
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Authorization (COA). The following information is required to submit the COA application form: concept 

of operation and type of the missions, operation location, altitude, communications, and flight 

procedures.(4) !ŦǘŜǊ ǎǳōƳƛǎǎƛƻƴΣ άΧ FAA conducts a comprehensive operational and technical review. If 

necessary, provisions or limitations may be imposed as part of the approval to ensure the UAS can 

operate safely with other airspace users. In most cases, FAA will provide a formal response within 60 

days from the time a completed application is submittedΧέ(5)  The COA application also requires proof of 

airworthiness for the UAS. This proof can be obtained either by submitting an Airworthiness Statement, 

ƻǊ ǘƘǊƻǳƎƘ C!!Ωǎ /ŜǊǘƛŦƛŎŀǘŜ ƻŦ Airworthiness. Because of a new interim policy, FAA has been speeding 

up COAs, also known as certificate of waiver for section 333, for certain commercial UASs. Section 333 

exemption holders now are automatically granteŘ ǿƛǘƘ άōƭŀƴƪŜǘ 400-Ŧƻƻǘέ ǿƘƛŎƘ ŀƭƭƻǿǎ ǘƘŜƳ ǘƻ Ŧƭȅ 

anywhere in the country except for restricted airspaces, as long as they are below 121 m (400 ft) and the 

UAS is not heavier than 25 kg (55 lb). The part 107 regulations provide a flexible framework, however, 

more opportunities have been provided by FAA to omit these regulations.(6) In order to illustrate the 

changes in recent rules Table 2 demonstrates the summary of the regulations for flying UASs and micro 

UASs (which weigh less than or equal to 2 kg [5.45 lb]) as of Otero et al. from 2015 (4) and now. It seems 

that restrictions have relaxed, the definition of UAS and micro UAS seems to have been removed, FPV is 

not allowed for the pilot and the operator certificate has been defied as the FAA Part 107 exemption. 

Operation near airports has been relaxed, with permission and operation of densely populated regions 

(densely is not rigorously defined by the FAA at this time) is only allowed with a waiver. Note that 

Autonomous operation is defined as any flight with a drone that the pilot-in-control is not in direct 

control of the UAS.  
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Table 2. UAS and Micro UAS Regulations (Adapted and Updated from Otero et al. (4)) 

Provision 
From Otero et al. 2015(4) As of this writing 

UAS Micro UAS UAS 

Maximum Weight (UAS plus 
payload) 

25 kg (55 lb) 2 kg (4.5 lb) 
25 kg (55 lb) 

Airspace confinements 
Class G, and Class B, C, D, 
E with Air Traffic Center 

permission 
Only Class G 

Class G, and Class 
B, C, D, E with Air 

Traffic Center 
permission 

Distance from people and 
structures 

No operation over any 
person not involved and 

uncovered 
No limitation 

No operation over 
any person not 
involved and 
uncovered 

Autonomous operations Yes No 

Yes, but pilot in 
charge must be 

able to take 
control in 

emergency 

First Person View (FPV) 
Permitted; if visual line 

of sight is satisfied 
Not permitted 

Only by Visual 
Observer 

Visual observer training Not required Not required Not required 

Operator training Not required Not required FAA Part 107 

Operator certificate 
Required with 
knowledge test 

Required without 
knowledge test 

FAA Part 107 

Preflight safety assessments Required Required Required 

Operation within 8 km of an 
airport 

Prohibited Prohibited 

Prohibited 
without 

permission from 
Air Traffic Control 

Operate in densely populated 
region 

Permitted Permitted 
Prohibited 

without Waiver 

Liability insurance Not required Not required Not required 

Night operation Prohibited Prohibited 

Prohibited 30 
minutes before 
and after civil 

Twilight 

UAS Definitions 

UASs are generally defined as any aircraft or aerial device which is able to fly without an onboard human 

pilot. They are also known as unmanned aerial vehicles, drones, remotely piloted aircraft, remotely 

operated aircrafts, remotely piloted vehicles, and remote controlled helicopters. Depending on the 

application, UASs are equipped with different types of non-contact sensors like visual cameras, thermal 

cameras, Light Detection and Ranging (LiDAR) sensors, ultrasonic sensors, etc. UASsΩ control and 

navigation are commonly carried out by Global Positioning Systems (GPS), Inertial Navigation Sensors 
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(INS), Micro-Electro-Mechanical Systems (MEMs), gyroscopes, accelerometers, sonar sensors, and 

Altitude Sensors (AS), all onboard a UAS.(7) The collection of the UAS platform, sensors, and control 

system form a system known as an Unmanned Aerial System (UAS).  

GPS is a radio navigation system that allows land, sea, and airborne users to determine their location 

and velocity. INS is a navigation aid that uses a computer, a set of motion sensors, and a set of rotation 

sensors to continuously calculate the position, orientation, and velocity (direction and speed of 

movement) of a moving object without the need for external references. It is used on vehicles like ships, 

aircrafts, submarines, guided missiles, and spacecraft. MEM is the technology of microscopic devices, 

particularly those with moving parts.  

An Unmanned Aerial System (UAS) consists of three parts, according to the Association for Unmanned 

Vehicle Systems International (AUVSI): the vehicle that might be an aircraft, a multi-copter, or a 

helicopter; payload that includes the weight of all sensors mounted on the vehicle; and the ground 

control system or station, which sends commands to the vehicle for takeoff, positioning, and landing. 

Based on size, weight, endurance, and range of flying altitude, there are three classes of UASs: tactical, 

strategical, and special task.(7) The UASs usually used in civilian applications, such as bridge inspection, 

are classified as tactical UASs, as defined in Table 2. However, the designation between microUAS and 

UAS seems to be arbitrarily defined by different sources and is not an FAA designation(4, 8). 

Interpretation of Photographic Images 

In this study, several images, visual and thermal, of bridge structures, real or simulated, were evaluated. 

Lƴ ŀƭƭ ŎŀǎŜǎ ƛƳŀƎŜǎ ǿŜǊŜ ŜǾŀƭǳŀǘŜŘ ōȅ ǘƘŜ ǎŀƳŜ ƛƴǎǇŜŎǘƻǊΦ ¢Ƙƛǎ ƛƴǎǇŜŎǘƻǊ ƘŀŘ ŀ aŀǎǘŜǊΩǎ ŘŜƎǊŜŜ ƛƴ 

structural engineering, but no bridge inspection training. Images were viewed on different media, cell 

phone and desktop screens, as noted in the sections below. 

Pilot 

Only a single pilot was used from the start to the end of this study for the presented investigations. This 

pilot obtained his part 107 FAA UAS license at the beginning of the study and was therefore relative 

novice at flying UASs, by the end of the project he had logged 110 hours on this and other endeavors. 

Archived Data 

All experimental data presented, organized by experiment number, ƛǎ ŀǾŀƛƭŀōƭŜ ŦǊƻƳ L¢5Ωǎ wŜǎŜŀǊŎƘ 

Program upon request.   
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UAS Applications for Bridge Inspection 

Several states have investigated UAS applications for numerous state DOT missions such as traffic 

surveillance, avalanche control, mapping, construction project monitoring, bridge inspection, etc. In this 

section, studies conducted on using UASs for bridge inspections are briefly presented.  

California 

In 2008, California DOT and University of California at Davis published a report on bridge inspection 

using aerial robots.(9) The researchers designed a custom UAS to be tethered to the ground, therefore 

making it easier to control and conform to the FAA regulations at the time. The researchers then 

mounted a high-resolution video camera on the UAS with forty-five-degree tilt. Next, the researchers 

developed the onboard Flight Control Computer to provide a redundant high-speed communications 

link to manage the UAS stability. California DOT terminated the project because it did not result in a 

fully-deployable aerial vehicle due to the following problems: unreliable heading sensor data (heading 

ǎŜƴǎƻǊ ƛǎ ŀƴ ŜŀǊǘƘΩǎ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘ ǎŜƴǎƻǊ ǿƘƛŎƘ ǿŀǎ ǳǎŜŘ ŀǎ ŀ ŎƻƳǇŀǎǎύΣ ƛƴǎǘŀōƛƭƛǘȅ (especially in wind), 

and unsuccessful implementation of an altitude holder sensor. The California research project was one 

of the first known research projects done by DOTs for utilizing UASs in bridge inspections. 

Georgia 

In 2014, Georgia Institute of Technology and Georgia DOT published the outcomes of 24 interviews with 

Georgia DOT personnel. The goal of these interviews were to evaluate the economic and operational 

advantages and drawbacks of UASs within traffic management, transportation, and construction.(10) The 

Georgia study included an investigation of five different UAS configurations, A through E. System A was 

a quad-motor UAS with FPV, Vertical Take-off and Landing (VTOL), and a video camera suitable for 

monitoring operations such as, but not limited to, traffic monitoring. System B was an enhanced version 

of System A, equipped with LiDAR. Georgia DOT recommended this system for any mission that involved 

mapping. System C expanded upon System A, with emphasis on prolonged environment/region 

monitoring in areas such as construction sites. System D was proposed as a UAS for county-sized 

missions, whereas Systems A through C were regional. A fixed-wing aircraft with a wingspan size of 2 m 

to 6 m (6.5 ft to 20 ft) and capable of high-quality aerial photogrammetry comprised System D. This 

system was suggested as a proper candidate for post-disaster response missions and highway control. 

Finally, System E configuration, which was recommended for bridge inspections, consisted of a multi-

rotor copter with eight or more motors, potentially tethered, capable of VTOL, and equipped with LiDAR 

and safety pilot mode. 
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Michigan 

Michigan DOT published the results of their experiments on five UASs.(11) These UASs were equipped 

with a combination of visual, thermal, and LiDAR sensors to assess critical infrastructure and their issues, 

for example bridges, confined spaces, traffic flow, and roadway assets. Researchers concluded that UASs 

are a low-cost, flexible, and time-efficient tool that can be used for multiple purposes: traffic control, 

infrastructure inspections, and 3D modeling of bridges and terrain. Michigan DOT reported each UAS to 

be suitable for a specific task in Michigan DOT. A VTOL UAS, equipped with thermal and visual cameras, 

proved to be the most appropriate for high-resolution imaging of a bridge deck. A VTOL UAS was able to 

calculate the locations and volumes of the spalls and delaminations of bridge decks. The deck inspection 

using non-contact sensors had mixed results when compared to hammer sounding results. These issues 

stemmed from the many patches and materials used to repair concrete, spalls, and other surface 

discontinuities present on bridge decks (i.e. there was no surface homogeneity).  

Minnesota 

Minnesota DOT initiated a comprehensive investigation of the benefits and challenges of UAS bridge 

inspection(12). Collins Engineering inspected four bridges in Minnesota using UASs to study the 

effectiveness of VTOL UASs. The first bridge inspection was a 26 m (85 ft) long single span prestressed 

concrete bridge. The UAS could not perform an under bridge inspection due to low-clearance and lack of 

GPS signal. The human inspection and the UAS inspection detected bridge deck and rail defects like 

spalls and cracking. The inspector detected missing anchor bolt nuts during the under-bridge inspection, 

while the UAS was unable to detect this defect. However, mild scour was only detected by UAS images. 

A stitched model of the bridge deck was generated after the deck inspection. The second bridge 

inspection was a 100 m (330 ft) long open spandrel concrete arch bridge. The UAS could not survey the 

bridge deck due to traffic. The UAS also could not maneuver under the bridge due to the absence of GPS 

signals, but a zoom lens provided reasonable visibility for some under-bridge items. In this case, the 

reported mild scour was not detectable in the UAS images. This time the UAS inspection results showed 

bearing deterioration, which the previous human inspection missed. On the third structure, a five-span 

steel underdeck truss was inspected by UAS. The UAS investigated the truss superstructure and 

substructure and the results were in close agreement to the human inspection results. The final bridge 

was approximately 850 m (2,800 ft) with five truss arch spans. The UAS inspection was carried out, but it 

was not compared to a human inspection. Collins Engineering concluded that UASs can be used for 

bridge inspection while posing minimum risk to the public and the flight personnel. In some cases, UAS 

images provided a cost-effective way to obtain detailed information that may not normally be obtained 

during routine inspections. FAA regulations prevented the team from flying UASs over traffic, negating 

the benefits of UAS inspections for the deck.  
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Florida 

Florida DOT (FDOT) began to investigate the applications of UASs in 2005 with the main focus on traffic 

management and road monitoring.(13) In 2015, FDOT published another UAS research project 

investigating the feasibility of UAS bridge inspection and high mast luminaires.(4) A UAS, equipped with 

high-definition cameras, was used in lieu of experienced inspectors to achieve the following goals: 

reduce the cost of inspection, reduce the hazards to the inspector, increase the public safety, and 

increase the inspection effectiveness through more comprehensive data acquisition. Limitations were 

also identified: allowable payloads, control and navigation in severe winds, and poor image quality in 

low-light conditions.  

One of the goals of this study was to select the main UAS components based on the demands of the 

project. The researchers developed a weighted factor analyses to provide a systematic decision-making 

toolbox for each component. This led the research team to select three VTOL UASs, four ground viewing 

stations, and three visual cameras. Finally, the researchers selected a dual camera setup and a remote 

control gimbal on a six rotor UAS to perform the inspections. This UAS was tested for flight in windy 

conditions. The UASΩǎ closest distance from an object was estimated at 0.3 m (1 ft) for wind speed less 

than 11 km/h (7 mph) and wind gusts less than 16 km/h (10 mph). In addition, the final report 

recommended 1 m (3 ft) clearance in wind speeds greater than 24 km/h (15 mph) and wind gusts 

greater than 32 km/h (20 mph). FDOT found that UASs can collect inspection data for a high mast 

luminaire in 8.5 minutes while providing adequate pictures in acceptable detail.  

Additionally, the research team performed two preliminary field tests at the Florida Institute of 

Technology campus under controlled conditions; a pedestrian bridge and a wooden bridge were 

inspected under 15 minutes. The inspections indicated moderate and severe rust on welded or bolted 

structures, a longitudinal crack along the guard rail, and a small stress crack on the beam underneath.  

The research team also participated in a field test with FDOT inspectors and performed the inspection in 

10 minutes while subject to 20km/h (12 mph) wind speeds and 29 km/h (18 mph) gusts. Rust, cracks 

through epoxy, bearing deformation, and deck and girder separation were among the detected flaws. 

The other field test was performed on a steel railroad drawbridge with the wind speed at 11 km/h (7 

mph) and the wind gusts at 27 km/h (17 mph). The team detected missing nuts and severely rusted 

bolts. The team performed the third field inspection on a concrete and steel superstructure bridge in 10 

minutes with the wind speed at 27 km/h (17 mph) and the wind gusts at 40 km/h (25mph). This 

inspection showed mild to severe corrosion regions on transverse girder bracing and separation 

between the girder and the deck in the images. One new aspect the FDOT research introduced was a 

service and maintenance schedule for UASs. The research team recommended inspecting motors, 

propellers, airframe structure, and batteries at least every 25-hours of operation. 
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Literature Review Summary 

This chapter presents the past applications of UASs in DOTs. Figure 1 shows states with either past or 

current investigation of UASs in red. Although most of these research projects have not been focused on 

bridge inspections, UASs have been a fast-growing technology in the area of bridge inspection for the 

past a few years. Table 3 summarizes the conducted DOT funded UAS related research for bridge and 

infrastructure inspections. Table 4 summarizes the inspection tasks attempted by the different studies 

focused on bridge inspection. 

 
 

Figure 1. Map of State DOTs that Have Documented Past or Current Study of UASs 
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Table 3. Civil Infrastructure Condition Assessments Using UASs  

State DOT Year UAS Inspection Achievements Inspection Challenges 

California 2008 ES20-10 Inspection was not performed 
UAS Instability and control 

issues 

Georgia 2014 N/A Proposition of five UAS 
Actuall inspections were 

not performed 

Michigan 2015 

Bergen 
HexaCopter, 
DJI Phantom, 
BlackoutMini 
Quadcopter, 
Heli-Max 1 Si. 

 

Autonomous spall detection 
Deck 3D model reconstruction 

Deck delamination detection using 
thermal images 

Thermal and visual combination  
Successful pump station and culvert 

inspections using drones 

The automated spall 
detctor understimated the 

actuall spall area 
Thermal inspections were 
inaccurate because of the 

variation in surface 
emissivity of the deck 

Non-automated navigation 
and controlling system 

Inaccurate GPS 

Minnesota 2015 
Aeron 

Skyranger 

Defect detction: cracks, spall, scour, 
missing bolts, Building the map of 

the structure, IR technology to 
detect delamination, Reasonable 
agreement between the results of 

UAS and visual inspections 

FAA regulations prevented 
deck inspection 

Loss of GPS signals  
 

Florida 2015 
ArduPilot 
Mega 2.5 

Micro Copter 

Defect detection: cracks, spall, 
scour, missing bolts Reducing 

inspection cost and time in high 
mast luminars 

 

FAA regulations prevented 
deck inspection, 
No under-bridge 

inspections, Control issues 
in wind speed greater than 

25km/h, 
Low quality images in 

severe weather condition 

  

Table 4. Summary of Attempted UAS Bridge Inspection Tasks 

State DOT Year 
Under-bridge 

UAS 
inspection 

Steel crack 
detection 

Concrete 
Surface 

Defection 
Detection 

Concrete 
Delamination 

Detection 

Visual 
Camera 

IR 
Camera 

California 2008 N N N N Y N 

Georgia 2014 N N N N N N 

Michigan 2015 N N Y Y Y Y 

Minnesota 2015 N N Y N Y N 

Florida 2015 N N Y N Y N 
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The goal of the small bridge experiment was to simulate UAS bridge inspection on a lab-made bridge 

with predefined defects to determine the performance, shortcomings, and demands for UAS bridge 

inspection. For this purpose, a small bridge measuring 6 m (20 ft) long, 4 m (13 ft) wide, and 0.2 m (8 in.) 

thick (deck thickness) was built at the Systems, Materials, and Structural Health (SMASH) lab of Utah 

State University. The small bridge is shown in Figure 2. The research team made the bridge from on-

hand materials used in previous research projects. The pre-existing defects on this structure were 

concrete cracks, lightly corroded girders, and deck delamination. Concrete cracks were located on the 

top and bottom of the concrete deck. The bridge deck was supported by two steel girders. The girders 

had mild surface corrosion along the webs, the flanges, and the web stiffeners. The research team 

implanted the deck with subsurface delamination, formed by thin sheets of plastic, at the time of 

construction.  

 
 

Figure 2. Small Bridge at the SMASH Lab 

At this point in the study, only a 3DR Iris UAS equipped with a GoPro Hero 4 camera was available. A 

schedule of the experimental damaged specimens is presented in Table 5. A schedule of experiments 

performed on the small bridge is presented in Table 6 and outlined in more detail below. Appendix A of 

this report provides a complete list of the specimens and experiments carried out in this study. 

 

 

Girders 

Bridge 
Deck 
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Table 5. Schedule of Specimens for Small Bridge Experiment 

Specimen 
ID 

Source Defect Form Dimensions Location 

S01 USU 
Surface Concrete 

Cracks 
Lab-made 

Bridge deck 
нлΩ Ȅ моΩ Ȅ лΦтрΩ SMASH Lab 

S02 USU 
Surface 

Corrosion 
Steel Girder 1 W10 x 88 SMASH Lab 

S03 USU 
Deck 

Delamination 
Lab-made 

Bridge deck 
нлΩ Ȅ моΩ Ȅ лΦтрΩ SMASH Lab 

 

Table 6. Schedule of Experiments for Chapter 3 

Experiment 
ID 

Intent Specimen UAS Camera Site 
Page on 

The Report 

E001 
Detect Concrete 

Cracks 
(Manually) 

S01 
3DR 
Iris 

GoPro 
Hero 4 

SMASH 
Lab 

16-17 

E002 
Detect Concrete 

Cracks 
(Autonomously) 

S01 
3DR 
Iris 

GoPro 
Hero 4 

SMASH 
Lab 

17-18 

E003 
Detect Concrete 

Delamination 
S03 

3DR 
Iris 

FLIR E8 
Thermal 
Camera 

SMASH 
Lab 

19-20 

E004 
Detect Steel And 
Weld Corrosion 

S02 
3DR 
Iris 

GoPro 
Hero 4 

SMASH 
Lab 

20-21 

E005 
3D Model 

Construction 
S01 

3DR 
Iris 

GoPro 
Hero 4 

SMASH 
Lab 

21-22 

Concrete Surface Cracks  

The cracks on top of the bridge deck were detectable in real-time using the FPV monitor, E001, as seen 

in Figure 3. The shortest crack was approximately 2 cm (1 in.) long, whereas the longest cracks on the 

deck were roughly measured up to 50 cm (20 in.). The UAS was flown within about a 1 m (3 ft) clearance 

of the deck. The majority of the cracks were visible in real-time. Figure 4 shows an image from the 

inspection video where arrows indicate the detectable cracks and barely detectable cracks in the 

inspection image.  
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Figure 3. Example of Top Cracks in the Color Image Acquired by the UAS, E001 

 
 

Figure 4. Variety of cracks' Dimensions on the Bridge Deck, E001 

Automated Concrete Surface Crack Detection 

Monitoring and measuring cracks are common practices in bridge deck and road pavement inspections. 

One-hundred and six color images were used as a dataset to evaluate a crack detection algorithm that 

the research team developed (E002).   

Barely observable crack 

Detectable crack 
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For the purposes of this report, the standard image processing definition of accuracy (termed detection 

in this report) is defined as a weighted average of True Positive and True Negative reports. True positive 

is defined when a crack is detected by the algorithm while True Negative occurs when the algorithm 

finds no cracks in a sound image. In this report, when the algorithm finds more than 50 percent of the 

length of the crack in the defected dataset (determined visually by the research team), it is considered a 

True Positive. True Negative is considered when the algorithm finds no connected components 

resembling cracks in the sound dataset or when it provides a clutter-free image. This definition allows 

comparison to other crack detection algorithms in the image processing literature.(15) The crack 

detection algorithm used in this report had a 90 percent detection rate. Both of these results were more 

accurate than other contemporary visual image crack detection algorithms, one of which, when coded 

and used to analyze this same dataset, could only detect 45 percent of the cracks on this dataset(16, 17). 

Other crack detection algorithms in the literature report similar or lower numbers than the algorithm 

developed in this report (for example: 64 percent to 86 percent (18), 73 percent(19) 90 percent(20)), 

although these are detected on different datasets. The Matlab code for the proposed concrete crack 

detection method is provided in Appendix B. The number of successful detections can be further 

increased by using better cameras, closer distance to the surface, more stable UAS, etc. Figure 5 shows 

the intermediate results of the crack detection algorithm on one of the images from the dataset.  

 

 
Figure 5. Automatic Crack Detection Based on UAS Images, E002 
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Deck Thermal Inspection  

The research team also used the deck to investigate thermal delamination detection using an FLIR E8 

thermal camera, E003. For this experiment, the FLIR E8 was mounted on the 3DR Iris, which maxed out 

the payload, making it only able to fly a short distance off the ground for a short period of time, which is 

why the slab was not mounted on the girders of the small bridge. A smaller thermal camera was not 

available. Even with this limitation, this experiment shows that it is possible with additional time and 

effort to detect subsurface (delaminations) and surface (cracks).  A 0.6 m (2 ft) by 0.9 m (3 ft) plastic 

sheet inclusion was embedded in the deck during construction to simulate a delaminated region (see 

Figure 6). The research team monitored the bridge deck when the deck was still hot from the day and 

ambient temperature was dropping (deck temperature was roughly 25̄C (70̄F) on average. The thermal 

image is shown in Figure 7. The delaminated region was detectable as a cold region in the thermal 

image. However, there are other cold regions not associated with the depicted delamination in Figure 6, 

which had severe cracking in those areas that could also be identified visually. These cracks effectively 

altered the surface, which caused faster heat loss than the surrounding sound concrete, and they 

presented comparatively colder spots. This small experiment proved that using thermal imagery for 

surface and subsurface defect detection is feasible, however, it was not the focus moving forward. 

 

 

 
Figure 6. The Plan and Elevation View of the Deck and its Delamination, (E003) 
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Figure 7. Captured Thermal Image, E003 

Girder Inspection  

The steel girders of the small bridge had minor surface corrosion which was visible in the real-time 

inspection videos (E004, see Figure 8). The distance between the UAS and the girder in Figure 8 was 

about 1 m (3 ft), similar to that recommended by Otero et al. in moderate wind conditions.(4) In addition 

to corrosion on the girders, the weld quality of the web stiffeners was observable in real-time using the 

optical zoom feature (Figure 9). The camera the research team used for this inspection was a GoPro 

Hero 4, which is not ideal for scientific and accurate imagery due to its focal length and fish eye effect 

(see rounded edges of objects in corners of Figure 8). However, GoPro cameras are very popular for 

UASs due to their small size and light weight. Better cameras are likely to produce better results. 

 
 

Figure 8. Steel Girder Surface Corrosion and Rust in the Image Acquired by UAS, E004 

 

Detected 
delamination 

Cracks 
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Figure 9. Visual Weld Inspection on the Small Bridge, E004 

Off-the-Shelf 3D Model Reconstruction 

The research team imported eight-hundred and forty images of the bridge to Agisoft PhotoScan, a 

commercial 3D model reconstruction software, to generate 3D models from 2D images (see Figure 10), 

E005. (21) No modifications or pre-processing operations were applied on the images before the model 

was constructed. The total processing time took about 16 hours. This execution time could be reduced 

considerably if the preliminary modification and masking operations were carried out before the 3D 

model generation. Regardless, ITD engineers considered this to be too much time, especially because 

many parts of the bridge were missing or partially missing. Additional effort could improve this model, 

but the time investment was not thought worth it by ITD engineers.  

 
Figure 10. Agisoft PhotoScan 3D Model of Small Bridge, E005 
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Lessons Learned from the Small Bridge Experiment 

Based on the small bridge experiments (E001-E005), the following observations can be made: 

¶ Image processing techniques (3D mapping or damage detection) that can detect defects are a 

significant advantage of UAS inspections, but must be tailored to the situation. Also, 3D mapping 

is not likely to be useful without significant effort and algorithm improvement.  

¶ Real-time and autonomous concrete deck crack detection is possible using UAS based images.  

¶ The light girder corrosion was detectable in real-time.  

¶ Concrete delamination detection was shown to be feasible using thermography and is a 

promising area of additional research.  

¶ Image processing techniques can be used to facilitate concrete crack detection and show 

promise for automated detection in real-time.  
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Finding fatigue cracks is a difficult and expensive task in bridge inspection. These cracks often occur in 

under-bridge members and can be troublesome for the bridge inspectors to access. This chapter 

investigates the potential of UASs equipped with visual cameras to detect fatigue cracks (E006, E007, 

and E008). First, the research team determined the required conditions for fatigue crack detection 

through controlled indoor experiments. These experiments were performed on a test-piece with an 

existing fatigue crack which was provided by ITD. The purpose of this test was to determine the 

optimum camera distance and lighting conditions for three different cameras designated to three 

different UASs. The UAS were then used to inspect a test-piece, which contained a fatigue crack, in a 

controlled environment (E009, E010, and E011) and in an uncontrolled environment (E012 and E013). 

The SMASH lab was selected as the controlled environment and an in-service bridge owned by the Utah 

Water Research Laboratory (UWRL) was selected as the uncontrolled environment. This was done in 

order to assess the limitations of UAS-based fatigue crack detection. The visibility of the fatigue crack in 

the captured images was assessed for each UAS under different circumstances. The research team 

developed an automated crack detection algorithm to detect the fatigue cracks in the captured images 

autonomously. The feasibility of using active and passive thermography to find the fatigue cracks on two 

test-pieces acquired from ITD have also been investigated. This chapter represents the summary of 

findings and provides some guidance for visual and thermal image based fatigue crack detection using 

UASs.  

Fatigue Definition 

Fatigue is the tendency of a member to fail at a stress level below the elastic limit when subjected to 

cyclical loading. Fatigue cracks often are formed in load-bearing steel members during cyclic service 

loads and can result in the brittle fracture of the member. A fracture critical member (FCM) is a steel 

member in tension, or with a tension region, whose failure would probably cause a portion of the entire 

ōǊƛŘƎŜ ǘƻ ŎƻƭƭŀǇǎŜΦ LŦ ǘƘŜ ōǊƛŘƎŜ ǎȅǎǘŜƳ ƛǎ άŦǊŀŎǘǳǊŜ ŎǊƛǘƛŎŀƭέ ƛǘ ǊŜǉǳƛǊŜǎ a fracture critical member 

inspection, which consists of a hands-on inspection of FCM's or FCM components that may include 

visual and other non-destructive evaluation. 

There are three stages to crack growth: Stage 1: Initialization stage, when the crack starts at an internal 

flaw or change in geometry; Stage 2: Propagation Stage, growth of the crack (the stage in which there is 

the opportunity to find the crack and arrest or repair it); and Stage 3: Fracture Stage, failure occurs 

when the member breaks into pieces. Fracture is the local separation of material into two or more 

pieces when subject to stress. Fracture is initiated from a flaw in either material or design and when it 

reaches a critical size it may cause the member to rupture. Fatigue cracking normally occurs slowly with 

somewhat slow crack propagation, whereas fracture occurs abruptly without warning. (22) 
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Current Practice for Fatigue Crack Detection 

Finding fatigue cracks has been a major challenge in bridge inspections, mostly because fatigue cracks 

are short in length and very narrow in width. Fatigue cracks usually occur in under-bridge members and 

connections that are difficult to access by conventional physical procedures. Also, the steel members 

and connections are usually covered with rust and other surface clutter, which makes visual detection 

difficult if not impossible. In addition, the low-light conditions under bridges are another challenge in 

visual fatigue crack detection. The current process for fatigue inspections includes a visual or physical 

inspection (i.e. rust removal) and application of a suitable nondestructive evaluation (NDE) method such 

as dye penetration or magnetic particles, if necessary, to locate the cracks. (23)  Finding the cracks in this 

manner can be expensive, dangerous, and time consuming.(24)  

Image-based flaw detection methods have gained considerable popularity in the past decade. However, 

with regard to bridges, most of the effort has been focused on two types of defects: surface concrete 

cracks and subsurface concrete delaminations using infrared thermography.(24, 26) Finding fatigue cracks 

is especially challenging when using visual images. For instance, the size, shape, and intensity gradient of 

surrounding pixels of a fatigue crack are different from conventional concrete cracks. Thus, the 

previously developed algorithms are not appropriate to detect them. In addition, the efficiency of these 

algorithms is tied to the quality of the image, which could be a function of camera specifications, lighting 

condition, camera distance, etc.  

Selected UASs  

The research team used three UAS to perform bridge inspections and defect detections in this Chapter 

and are listed in Table 7.  

Table 7. Investigated UAS for Fatigue Crack Detection 

UAS 3DR Iris DJI Mavic Goose 

Cost <$500 $1,000 $ 5,000 

Weight  1,282 g (2.8 lb) 743 g (1.62 lb) 11,400 g (25.2 lb) 

Type Quadcopter Quadcopter Coaxial Octocopter 

Flight Time 16-22 minutes 27 minutes 27.5 minutes 

Payload 400 g (0.8 lb) 900 g (2 lb) 14,400 g (32 lb) 

FPV Broadcasting yes yes no 

Camera GoPro Hero 4 DJI camera Nikon 

Obstacle Avoidance no yes no 

GPS-denied Altitude Measurement no Sonar Barometer 

Fatigue Crack Detection-Minimum Conditions 

This section reports the results of a set of indoor experiments, E006 through E008. These experiments 

were performed to determine the requirements for three types of cameras performing fatigue crack 

detection. The requirements are in terms of lighting conditions and camera distance. For these 

experiments, a single test-piece with a known fatigue crack was observed under different conditions 
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(UAS, camera, lighting, and environment). For the beginning of this section, only a single fatigue test-

piece was available and a second was obtained near the end of the project, as seen in Table 8. Only 

additional thermographic experiments were run on the second test piece. Table 9 summarizes the list of 

experiments performed in this chapter, much of which is detailed in the coming sections. 

Equipment 

Three cameras were used in these experiments: 

¶ GoPro Hero 4, up to 12 Mega-Pixel (MP) with 4000 by 3000 resolution, which is compatible with 

the 3DR Iris and many others. 

¶ DJI camera, 12 MP with 4000 by 3000 resolution, which was the onboard camera of the DJI 

Mavic. 

¶ Nikon COOLPIX L830, 16 MP, 4068 by 3456 resolution, which was selected to be mounted on the 

Goose. 

Table 8. Steel Test-Piece Schedule 

Specimen ID Source Defect Form Dimensions Origin 

S04 ITD Fatigue Crack Steel Puck 1 5Ґ мΦсрέ όпΦн ŎƳύ Unknown ITD Bridge 

S05 ITD Fatigue Crack Steel Puck 2 5 Ґ мΦсрέ όпΦн ŎƳύ Unknown ITD Bridge 
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Table 9. Schedule of Experiments in Chapter 4 

Experiment 
ID 

Intent Specimen UAS Camera Site 
Page in the 

report 

E006 
Detect Fatigue Crack 

(Minimum Requirements) 
S04 N/A 

GoPro 
Hero 4 

Indoors 
(Office) 

27-28 

E007 
Detect Fatigue Crack 

(Minimum Requirements) 
S04 N/A 

DJI Built-
In 

Indoors 
(Office) 

30, 33 

E008 
Detect Fatigue Crack 

(Minimum Requirements) 
S04 N/A 

Nikon 
Camera 

Indoors 
(Office) 

30, 34 

E009 
Detect Fatigue Crack 

(Simulated Visual Inspection) 
S04 3DR Iris 

GoPro 
Hero 4 

Indoors 
(SMASH Lab) 

35, 37 

E010 
Detect Fatigue Crack 

(Simulated Visual Inspection) 
S04 

DJI 
Mavic 

DJI Built-
In 

Indoors 
(SMASH Lab) 

35, 38, 39 

E011 
Detect Fatigue Crack 

(Simulated Visual Inspection) 
S04 Goose 

Nikon 
Camera 

Indoors 
(SMASH Lab) 

35, 40 

E012 
Detect Fatigue Crack 

(Simulated Visual Inspection) 
S04 3DR Iris 

GoPro 
Hero 4 

Outdoors 
(UWRL) 

42-45 

E013 
Detect Fatigue Crack 

(Simulated Visual Inspection) 
S04 

DJI 
Mavic 

DJI Built-
In 

Outdoors 
(UWRL) 

44, 46-49 

E014 
Detect Fatigue Crack 

(Autonomously) 
S04 

DJI 
Mavic 

DJI Built-
In 

Outdoors 
(UWRL) 

51-53 

E015 
Detect Fatigue Crack (Passive 

Thermography) 
S04 N/A 

FLIR SC 
640 

Indoors 
(Office) 

54-55 

E016 
Detect Fatigue Crack (Passive 

Thermography) 
S05 N/A 

FLIR SC 
640 

Indoors 
(Office) 

54, 56 

E017 
Detect Fatigue Crack (Passive 

Thermography) 
S04 N/A FLIR E8 

Indoors 
(Office) 

56-57 

E018 
Detect Fatigue Crack (Passive 

Thermography) 
S05 N/A FLIR E8 

Indoors 
(Office) 

57-58 

E019 
Detect Fatigue Crack (Active 

Thermography) 
S04 N/A FLIR E8 

Indoors 
(Office) 

58, 60 

E020 
Detect Fatigue Crack (Active 

Thermography) 
S05 N/A FLIR E8 

Indoors 
(Office) 

50, 61, 62 

 

Lighting Condition Definitions and Camera Distance 

Lighting conditions play a major role in any sort of photogrammetry. The research team considered 

three lighting conditions to simulate different scenarios during the bridge inspection: 

¶ ά5ŀǊƪέΣ ǿƘƛŎƘ ƛǎ the approximation of the lighting conditions under a bridge during the daytime 

(according to USU onsite bridge), illumination range: 20-100 lx. 

¶ άbƻǊƳŀƭέΣ ǿƘƛŎƘ ƛǎ ŜǉǳƛǾŀƭŜƴǘ ǘƻ ǘƘŜ ƭƛƎƘǘƛƴƎ ŎƻƴŘƛǘƛƻƴs of a room with lights on, illumination 

range: 100-250 lx. 

¶ ά.ǊƛƎƘǘέΣ ǿƘƛŎƘ ƛǎ ŜǉǳƛǾŀƭŜƴǘ ǘƻ ǘƘŜ ƭƛƎƘǘƛƴƎ ŎƻƴŘƛǘƛƻƴs of a concentrated light source such as a 

flashlight, with illumination more than 250 lx. 
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LƭƭǳƳƛƴŀǘƛƻƴ ǿŀǎ ƳŜŀǎǳǊŜŘ ǳǎƛƴƎ ŀ ŎŜƭƭ ǇƘƻƴŜ ƭƛƎƘǘ ƳŜǘŜǊ ŀǇǇΣ ά[ƛƎƘǘ aŜǘŜǊέ ƛƴǎǘŀƭƭŜŘ ƻƴ ŀƴ ƛtƘƻƴŜ сΦ 

While, not the most accurate luminance measuring device, off 35% from a light meter, on average, it 

was shown to provide acceptable relative measurement within the range of lux conditions in this 

investigation. (26) In addition to the lighting conditions, the distance between the camera and the object 

of interest affects the images. To determine the performance of each camera, the indoor experiments 

were also performed from different camera distances: 5 cm (2 in.), 10 cm (4 in.), 15 cm (6 in.), 20 cm (8 

in.), 25 cm (10 in.), and 30 cm (12 in.). The 30 cm (12 in.) case is the most realistic scenario without using 

a zoom feature and the remaining were incremented down in 5 cm increments from the most realistic 

case.  

Indoor Office Procedure 

The research team placed the test-piece indoors under variable lighting conditions. Lighting conditions 

were varied by measuring the test-piece surface illumination. The cameras were set in front of the test-

piece and a picture was taken for each camera distance and lighting condition.  

Indoor Office Results 

After the research team carried out the indoor experiments, the images were viewed on a conventional 

desktop computer to determine the requirements for locating the crack without any image 

enhancement features. The maximum distance for each camera in each lighting condition was reported 

as the required camera distance if the crack was detectable visually.  

GoPro 

The GoPro camera provided reasonable video quality in past tests for general inspection purposes and is 

very popular for UASs due to its small size and light weight. This camera performed poorly in the Dark 

condition from all proximities and the crack was not visible in any taken images, see Figure 11(a). The 

surface of the test-piece was blurry at the 5 cm (2 in.) camera distance, as seen in Figure 11(b), and the 

crack was not detectable, E006. However, the crack can be seen in the images with 10 cm (4 in.) and 15 

cm (6 in.) camera distances. The GoPro cameras use the ultra-wide angle lens to provide larger length of 

field and a better aperture setting, but using these lenses causes severe distortion (known as the fisheye 

effect) in the captured images. The ultra-wide angle lens used in the GoPro camera is also a fix-focus 

lens with a short focal length. That is why the close-up images taken by this camera from the test-piece 

were oftentimes worse than the images taken with greater camera distance.  

The maximum camera distance for the GoPro camera in the Normal condition was 20 cm (8 in.), which is 

shown in Figure 12. The GoPro pictures, taken in the Bright condition, were not satisfactory because 

light reflections in the pictures washed out the crack. Even though the GoPro camera captured the 

fatigue crack at 20 cm (8 in.) in the Normal lighting condition, it is not recommended to use the GoPro 

Hero 4 camera for fatigue crack inspection. 
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Figure 11. (a) Dark Condition, 10 cm (4 inches), GoPro (b) Normal Condition, 5 cm (2 inches), GoPro, 

E006 

DJI Camera 

The DJI Mavic has an onboard camera which was used to take the pictures, E007. The crack was not 

visible in the images taken in the Dark condition without exposure adjustment, however, the DJI Mavic 

camera can be adapted manually to low-light by increasing the exposure in real time. When the camera 

exposure was manually optimized to perform in the Dark condition, the crack was visible in the images 

with a 15 cm (6 in.) camera distance, as seen Error! Reference source not found.. In the Normal 

ondition, the crack was visible in the image taken at 20 cm (8 in.) away from the test-piece. In the Bright 

condition, the maximum camera distance to see the crack visually was 25 cm (10 in.) as seen in Figure 

14. The required camera distance to detect the crack was 15 cm (6 in.) or less for the Dark condition, 20 

cm (8 in.) or less for the Normal condition, and 25 cm (10 in.) or less for the Bright condition. The 

camera distance could be increased to 35 cm (14 in.) in the Normal condition and 40 cm (16 in.) in the 

Bright condition without the crack becoming undetectable.  

(a) (b) 
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Figure 12. Normal Condition, 20 cm (8 inches), GoPro, Fatigue Crack Visible  

 

 
 

Figure 13. Dark Condition, 15 cm (6 inches), DJI Mavic, E007 

 



Fatigue Crack Detection Using Unmanned Aerial Systems in Under-Bridge Inspection 

30 

 
 

Figure 14. Bright Condition, 25 cm (10 inches), DJI Mavic, E007 

Nikon Camera 

The Nikon camera was also not able to capture images with a visible fatigue crack in the Dark condition, 

E008. In the Normal condition, the Nikon detected the crack when the camera distance was up to 30 cm 

(12 in.), as shown in Figure 15.. In the images taken in the Bright conditon, the crack was not visible due 

to the light reflection in the captured images. These findings show the Nikon is best for use in the 

Normal lighting condition with maximum camera distance of 30 cm (12 in). Note that this is without 

using the zoom capability. With zooming (up to 32x optical), the camera could be considerably further 

away. 

Findings 

The results of this section indicate that visual fatigue crack detection from the captured images in the 

Dark condition is very difficult. Therefore, performing crack detection under a bridge will likely require 

the use of a light source. The Normal lighting condition was the optimum condition for both GoPro and 

Nikon cameras. The DJI Mavic camera performed better in the Bright condition, but its performance in 

the Normal condition was acceptable. The DJI Mavic and Nikon cameras took considerably better images 

compared to the GoPro. A GoPro camera, with the mentioned specification, is not recommended for 

under-bridge inspection with detailed defects (i.e. steel surface cracks). The results of this experiment 

are presented in Table 10.  
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